Purpose of Review Kaposi's sarcoma-associated herpesvirus (KSHV), the etiological agent of the AIDS-associated tumor Kaposi's sarcoma, is a complex virus that expresses~90 proteins in a regulated temporal cascade during its replication cycle. Although KSHV relies on cellular machinery for gene expression, it also uses specialized regulators to control nearly every step of the process. In this review, we discuss the current understanding of KSHV gene regulation. Recent Findings High-throughput sequencing and a new robust system to mutate KSHV have paved the way for comprehensive studies of KSHV gene expression, leading to the characterization of new viral factors that control late gene expression and posttranscriptional steps of gene regulation. They have also revealed key aspects of chromatin-based control of gene expression in the latent and lytic cycle. Summary The combination of mutant analysis and high-throughput sequencing will continue to expand our model of KSHV gene regulation and point to potential new targets for anti-KSHV drugs.
Introduction
Kaposi's sarcoma-associated herpesvirus (KSHV) is the most recently discovered human herpesvirus [1] . In patients with compromised immune systems, particularly AIDS patients and transplant recipients, infection with KSHV can cause Kaposi's sarcoma (KS), two rare but aggressive lymphoproliferative diseases, primary effusion lymphoma (PEL) and a variant of Multicentric Castleman's disease, or KSHV inflammatory cytokine syndrome [2, 3] . KS was one of the AIDSdefining illnesses prior to diagnosis by HIV testing, and KSHV was first isolated from an AIDS patient in 1994 [1] . Like other herpesviruses, KSHV infection can be latent or lytic [4] . In KS lesions, most of the cells are latently infected, and latent infection promotes cell proliferation and survival [5] . A role for active lytic replication in disease was uncovered by the observation that treatment with anti-herpesviral drugs that block lytic replication causes tumor regression [6] . It is now thought that lytically reactivating cells create a tumorigenic microenvironment by secreting paracrine factors that promote tumor formation and growth [3, 5] . Indeed, at least some KS patients display evidence of lytic viral gene expression in tumors [7] . Also, retrospective studies show that antibodies against the lytic protein K8.1 are more abundant in KSHV-infected patients that go on to develop KS, compared to ones that do not, and that this difference is detectable as early as six years before the KS diagnosis [8] . Thus, the lytic cycle contributes not only to the spread of KSHV to new individuals, but also directly to KS pathogenesis.
The KSHV genome is over 140 kb long and encodes~90 open reading frames, designated ORF4 to 75 if homologous to those in the related herpesvirus saimiri, or K1 to 15 if divergent [9] . Several non-coding RNAs are also expressed from the KSHV genome [9] . In latently infected cells, the genome of KSHV is circularized and tethered to the host genome by the latent protein LANA (latency associated nuclear antigen) [10] . The KSHV mRNAs are transcribed from this episome by the cellular RNA polymerase II complex (RNAPII) and are virtually identical to host transcripts, with a 5′ cap and a 3′ poly(A) tail that mediate recognition by the cellular translation machinery. A small subset of genes, including LANA, is expressed during latency, while all the genes are expressed during the lytic cycle, but with varying kinetics [11] [12] [13] [14] [15] . The mechanisms that shape gene expression and the viral and cellular proteins that regulate it are only partially characterized. In this review, we will summarize the current knowledge of regulation of KSHV genes, focusing particularly on lytic infection. A major advance in KSHV research in the past few years was the construction of a new bacterial artificial chromosome system to make mutations in KSHV, termed BAC16 [16••] . Many of the recent studies cited in this review have made use of this system, which has allowed a much closer look at the role of KSHV proteins in gene regulation.
Transcriptome-Wide Profiling Reveals Waves of Gene Expression in KSHV-Infected Cells
Multiple studies have profiled the kinetics of KSHV gene expression using microarrays and RNAseq. These studies utilized cells isolated from PEL patients [11] [12] [13] [14] or a recently developed epithelial cell culture system with tighter control on latency, the iSLK.219 cells [15, 17, 18] , because PEL cells are thought to spontaneously reactivate at low frequency. Reactivation from latency can be triggered by overexpression of the immediate early protein RTA, which is sufficient to drive lytic cycle entry and is considered the master lytic regulator [19, 20] . In these studies, RTA overexpression was achieved by treatment with 12-O-tetradecanoyl-phorbol-13-acetate (TPA) [11] [12] [13] , which induces RTA expression through the Raf/MEK/ERK pathway [21] , or using a doxycycline-inducible RTA transgene in TREx-RTA-BCBL1 cells [14] and iSLK.219 cells [15] . The results of the transcriptomic studies generally agree, although there are small discrepancies on the timing of expression of specific genes. All studies detected multiple waves of gene expression, which likely correspond to well-characterized kinetic classes of herpesviral genes: (i) latent genes, expressed during both lytic replication and latency; (ii) immediate early genes, also called alpha genes in other herpesviruses; (iii) delayed early genes or beta genes, which require expression of immediate early viral proteins for transcription; and (iv) late genes or gamma genes, whose expression is dependent on viral DNA replication, and thus are expressed only later in the replication cycle. In particular, Lu et al. [11] examined KSHV gene expression in cells treated with an inhibitor of viral DNA replication, cidofovir, which allowed them to precisely identify late genes. Interestingly, they found that loss of DNA replication can still reduce, but not completely abolish, transcription of some early genes [11] . The studies also noted that the timing of lytic gene expression matches the role of viral proteins in the replication cycle. Immediate early genes include gene regulators required for delayed early gene expression, while delayed early genes include the viral DNA polymerase and associated proteins, as well as immune modulators. Most virion proteins, including capsid proteins and envelope glycoproteins, are expressed with late kinetics [11] . Arias et al. coupled transcriptome profiling of iSLK.219 cells with ribosome profiling (Ribo-seq) to determine translation rates [15] . The relative translation efficiency of mRNAs matches their relative expression levels, suggesting that the timing of gene expression is mostly controlled at the level of transcription [15] . In most of the studies, the levels of viral mRNAs consistently rise throughout the timecourse irrespective of their kinetic class, which is distinct from the pattern of gene expression observed in other herpesviruses, where each class of genes is turned on and off in waves [22] . It is unclear whether this difference reflects a real biological phenomenon or an artifact of the inefficient reactivation systems. In fact, in the doxycycline-inducible TREx-RTA-BCBL1 cells, the lytic cycle induction is more efficient and rapid, and many of the genes appear to get turned on and off in waves [14] .
In terms of latent gene expression, the studies agree that LANA/ORF73, v-cyclin/ORF72, vFLIP/ORF71, and the KSHV microRNAs are transcribed during latency [11] [12] [13] [14] [15] . LANA, vFLIP, v-cyclin, and the microRNAs promote the survival and proliferation of infected cells [23] and LANA tethers the viral episome to the host genome [10] . In contrast, the latent expression of several other signaling and immunomodulatory proteins (vIL-6/K2, Kaposins/K12, vFGARAT/ ORF75, K10.5/LANA2/viral interferon regulatory factor-like 3 (vIRF-3), K1 and K15) varies depending on cell type [11-15, 24, 25] . Interestingly, ribosome profiling suggests that some of the latent genes, including v-cyclin and vFLIP, are transcribed but not translated in latently infected iSLK.219 cells [15] . In contrast, v-cyclin and vFLIP proteins are present in latently infected BCBL1 cells [15] . This may be due to the fact that SLK cells only express a tricistronic LANA-v-cyclinvFLIP mRNA, whereas PEL cells also express a bicistronic vcyclin-vFLIP mRNA [15] . Only the bicistronic mRNA supports v-cyclin and vFLIP translation [26] [27] [28] . Other mRNAs (for example ORF75) are also present during latency, but do not bind the ribosome [15] . Since the ribosome profiling was only done in the iSLK.219 cells, it is unknown whether there is additional translation-based variability in latent protein expression in other cell types as well.
These experiments all profiled lytic gene expression during long-term latency and reactivation. While de novo viral infection, at least in tissue culture, results in establishment of latent rather than lytic infection, profiling of the gene expression pattern in de novo infections revealed that there is a burst of lytic gene expression immediately after infection, which is then suppressed [29] [30] [31] [32] . Interestingly, both RTA and LANA are initially expressed; however, RTA expression is transient, peaking earlier than LANA before being repressed [29] . LANA recruitment of the cellular transcriptional repressors Nrf2 and KAP1 to the viral genome may contribute to the lytic burst and subsequent rapid repression [33, 34] (Fig. 1) . The lytic gene burst may contribute to establishment of latency and tumorigenesis through expression of immunomodulatory and anti-apoptotic proteins [29] . It may also be required for a brief burst of amplification of the viral genome, because the viral DNA polymerase co-factor ORF59 is one of the genes expressed during de novo infection and its mutation leads to reduction in the genome copy number once latency is established [30] .
Chromatin Remodeling in Latency and Lytic Replication
Selective gene expression during latency is in part controlled through chromatinization of the KSHV genome, which has been the subject of several excellent recent reviews [35] [36] [37] [38] . In the last ten years, the advent of genome-wide approaches to analyze chromatin modifications, chromatin immunoprecipitation coupled to microarrays (ChIP-on-Chip) or highthroughput sequencing (ChIP-Seq), has allowed multiple groups to profile the chromatin modifications of the KSHV genome during de novo infection, latency, and reactivation [31, [39] [40] [41] . Upon de novo infection, the KSHV genome becomes circularized, methylated, and chromatinized [35] [36] [37] [38] . During latency, most genes are bound by histones that display modifications associated with repression, with the exception of the locus encoding the latency proteins, which is consistent with their continued expression [39] [40] [41] . These results explain why inhibiting histone deacetylases with sodium butyrate potently induces the lytic cycle, as acetylation of histones promotes open chromatin and transcription [4] . There is also evidence that several loci on the KSHV genome are primed for fast activation during reactivation. The promoter of RTA and other immediate early genes, for example, display markings of bivalent chromatin, i.e., chromatin that is poised for gene expression in the presence of the correct signals [39, 40] . In addition, RNAPII is pre-bound to the promoter of several early lytic genes and is kept in a paused state by interactions with negative elongation factor (NELF) [42] . LANA is responsible for repressive chromatin formation on the genome upon de novo infection through recruitment of polycomb repressive complexes [43] , while lytic factors like ORF59 promote chromatin remodeling [44] (Fig. 1) . Besides acting as the viral DNA polymerase processivity factor, ORF59 blocks the arginine methylase PRMT5 from binding the viral genome and modifying histone 4 [44] . PRMT5 symmetrically methylates arginine 3 of histone 4 (H4R3me2s) [44] , which in turn promotes the tri-methylation of histone 3 on lysine 27 (H3K27me3), a modification that represses transcription [45] . Thus, by blocking PRMT5, ORF59 promotes formation of active chromatin and lytic gene transcription. The highly abundant KSHV long non-coding RNA PAN is also thought to promote lytic gene expression through chromatin remodeling, although it likely has multiple functions in maintaining the lytic cycle and gene expression, as reviewed recently in [46] [47] [48] .
ChIP-Seq and other high-throughput-based techniques such as chromatin conformation capture have also been used to define the role of higher-order DNA structures in the control of gene expression in KSHV. Three-dimensional chromatin looping is now widely appreciated to facilitate and control RNAPII access to promoters in mammalian genomes [49] . Several recent studies have found that cellular proteins involved in gene looping, such as the chromatin insulator protein CTCF and the cohesin complex, contribute to repressing lytic genes during latency and also facilitate reactivation [50] [51] [52] [53] [54] . In particular, long-range interactions between promoter regions near the latency genes and promoter regions near RTA and other immediate early genes are key for the coordinated regulation of latent and lytic gene expression [51] . The role of long-range interactions was most recently demonstrated by precise mutation of interaction sites proximal to the RTA promoter, which lead to reduced levels of distal genes and decreased ability of the virus to reactivate [54] .
Control of Early Gene Transcription
Overexpression or induction of the master lytic regulator RTA/ORF50 is sufficient to drive entry into the lytic cycle [20] . A recent study using 3D microscopy, RNA fluorescence in situ hybridization, and immunofluorescence showed that there is a physical movement of the cellular RNAPII to discrete locations in the nucleus during early activation of viral gene transcription in TPA-reactivated cells [55] . The RNAPII relocalization creates viral gene expression factories that can be visualized by probing for nascent RTA transcripts [55] . These experiments also revealed that transcription may only occur from a subset of the genomes in the cell [55] . Experimental evidence over the years has demonstrated that RTA directly regulates transcription of many early genes, but that additional cellular and viral factors also play a role [56] (Fig. 1) . While ChIP-on-Chip revealed that RTA binds the promoters of as many as 40 viral genes [57, 58] , Bu et al. found that only very few genes are independently induced by RTA when translation of other viral proteins is inhibited with hygromycin [59] . Several additional viral transcription factors that act on early genes have been described, particularly K-bZIP/K8, which has both positive and negative effects on viral gene expression [58] , and vIRF4/K10, which regulates its own transcription and the transcription of vIRF1 [60] (Fig.  1) . It is likely that other viral factors may also have yet uncharacterized roles in early gene transcription. Among the cellular transcription factors, RBP-Jκ, a downstream target of the Notch signaling pathway, is the best described co-factor of RTA (reviewed in [61] ), but multiple additional cellular proteins also act in concert with RTA (reviewed in [56] ). To date, the function of these cellular transcription factors has been well described only for specific promoters, but they may have more pervasive effects that were not investigated in the original studies. In particular, the transcriptional control of RTA itself has been a major focus of study [62] . For example, regulation of RTA by the hypoxia-related transcription factors HIF-1α and HIF-2α was investigated because hypoxic conditions trigger lytic reactivation [63] . More genome-wide studies are needed to understand the coordinated function of cellular and viral factors in early gene expression. Moreover, an additional level of regulation may be provided by posttranslational modifications of RTA and other regulatory proteins. Sumoylation of RTA, which occurs during lytic replication, affects RTA-dependent induction of transcripts, but this effect can be positive or negative depending on the gene [64] . Also, sumoylation of the histone demethylase JMJD2A is needed to promote chromatin remodeling and lytic gene expression [65] . In both cases, the SUMO ligase involved appears to be K-bZIP [66] , showing that this protein has multiple functions in gene regulation [64, 65] .
Control of Late Gene Transcription
The most significant advance of the last five years in understanding KSHV gene regulation is the identification of an alternative viral transcription complex specific to late gene promoters. At the start of transcription in mammalian cells, core promoter sequences proximal to the transcription start site, particularly the TATA box, are recognized by the general transcription factors, which include the TATA-binding protein (TBP) [67] . General transcription factors form the transcription pre-initiation complex (PIC) and recruit RNAPII [67] . However, KSHV late gene promoters contain TATT sequences instead of the canonical TATA boxes and therefore require an alternative viral PIC to be transcribed [68] . Homologous viral PICs were identified in beta-and gammaherpesviruses, and consist of proteins that are required for replication and have no homologs in alpha-herpesviruses [68] . In KSHV, the viral PIC is composed of ORF18, ORF24, ORF30, ORF31, ORF34, and ORF66 [69-71, 72•, 73] (Fig. 1) . One study suggested that ORF23 may also be part of the complex [69] , but its role is in question because ORF23 activity is dispensable for replication in the murine gamma- Fig. 1 KSHV gene regulation by virus-encoded factors. Viral mRNAs are transcribed, processed, and translated by host cellular machinery, but multiple viral proteins (listed) contribute to the regulation of transcription, export, mRNA stability, and translation to increase viral protein production and ensure the correct temporal pattern of gene expression herpesvirus MHV68 [74] . Although viral DNA replication is required for late gene transcription during infection, coexpression of the six proteins is sufficient to drive transcription of a reporter with a late gene promoter [70] . This is consistent with the observation that reporters with late gene promoters were expressed in cells undergoing lytic replication, i.e., cells in which the alternative PIC was present [75] . The six proteins are also all necessary for late gene expression, as omission of any of them from transfection experiments [70] or deletion of most of them from the genome using the BAC16 system [ [69, 70] . In turn, ORF34 may serve as a scaffold, as it interacts with all of the other proteins through a central domain [69, 70] . The exact function of the other four components of the viral PIC remains unclear. While this complex of proteins acts as an equivalent of the general transcription factors, it is unknown whether signal-regulated transcription factors also control late gene expression. Blattman et al. reported that in some cell types, NFκB is required for the production of select components of the KSHV virion, including some late genes [76] . As a result, in the absence of NFκB, replication appears normal and viral particles are produced, but the virions are not infectious [76] .
Post-Transcriptional Control of Viral Gene Expression
While transcriptional mechanisms control the temporal dynamics of gene expression, non-transcriptional mechanisms of gene regulation may be necessary to ensure abundant production of KSHV proteins. Although KSHV transcripts are very similar to host mRNAs, there are some differences that could reduce the accumulation of KSHV proteins. For example, some viral genes have extremely short 3′ untranslated regions (UTRs), and most of them are encoded from intronless genes [15] . In principle, these differences could impair nuclear export and translation of viral mRNAs, because RNA-binding proteins deposited during splicing mediate interactions with nuclear export factors and promote translation. The viral protein ORF57 was originally proposed to counteract this problem and promote export of the intronless KSHV mRNAs though interactions with nuclear export proteins like Aly/REF [77, 78] . However, subsequent studies have suggested that its predominant function may be to stabilize and promote accumulation of the RNAs [79] [80] [81] . ORF57 is now considered a multifunctional protein with roles in many RNA metabolic processes, including RNA stability, export, translation, and even transcription (reviewed recently in [82] [83] [84] , Fig. 1) . One recent addition to this body of literature is a transcriptome-wide profile of ORF57 targets using an ORF57-null virus [85•] . While the expression of many lytic genes of all kinetic classes is reduced in the absence of ORF57, this study revealed that eight transcripts in two gene clusters are particularly dependent on ORF57 [85•] . The mechanism by which ORF57 selectively increases their expression remains unclear, as it depends on the sequence of the coding region rather than promoter sequences or polyadenylation signals [85•] . Interestingly, Vogt et al. found a similar effect, reporting that ORF57 is required to sustain the levels of some viral mRNAs containing higher AT nucleotide content, which they propose is suboptimal compared to cellular nucleotide content [86] . In a separate study, vFLIP was demonstrated to have suboptimal codon usage, which impaired vFLIP RNA accumulation [87] . In this case, the resulting low levels of vFLIP were optimal for lytic virus production [87] . This suggests that codon and sequence composition may be used by KSHV to further modulate its gene expression. Another recently described function of the ORF57 protein is binding the dsRNA-activated kinase PKR to prevent it from phosphorylating the translation initiation factor eIF2α [88] . eIF2α brings the initiator methionine tRNA to the 40S ribosome, and eIF2α phosphorylation by kinases like PKR is a cellular strategy to shut down translation in response to stress and infection [89] . dsRNA may be produced during KSHV replication because in some loci both DNA strands are transcribed, and could trigger translational shutoff through PKR activation. Thus, in addition to promoting RNA accumulation, ORF57 may also potentiate viral protein production by reducing cell-driven translational shutoff (Fig. 1) .
Another viral protein, ORF10, was recently reported to regulate nuclear RNA export through interactions with the export factor Rae1 [90•] (Fig. 1) . However, while ORF10 appears to promote the expression of late lytic mRNAs, this effect may be indirectly due to ORF10 inhibition of cellular mRNA export [90•] . Thus, at present, it remains unclear how KSHV intronless mRNAs are efficiently exported without the benefits of interactions with the cellular splicing machinery.
Besides eIF2α, multiple other translation initiation factors are regulated through phosphorylation. Because initiation is a critical point of translation regulation, these phosphorylation events control translational output during stress and infection. KSHV regulates some of these phosphorylation events, presumably to boost viral protein translation. The activity of the cap-binding protein eIF4E, which recruits the 40S subunit of the ribosome to the 5′ capped end of mRNAs, increases after phosphorylation by the MAP kinase-interacting kinase Mnk1 [91] . In addition, eIF4E binding to the regulatory 4E binding proteins (4EBPs) prevents association with other initiation factors, and phosphorylation of 4EBPs by mTOR promotes translation by disrupting eIF4E-4EBP interactions [91] . Both 4EBP1 and eIF4E are phosphorylated after KSHV reactivation, promoting translation of RTA and thus lytic replication [92] . The levels of other viral proteins were not examined, but in principle, their increased accumulation could also contribute to increased lytic replication. One of the viral proteins that may trigger these phosphorylation events is vGPCR, a signaling protein that activates mTOR signaling [93] . The activity of the initiation factor eIF4B, which promotes scanning of the 5′ UTR by the 40S ribosome in complex with the initiator tRNA, is also potentiated through phosphorylation [94] . KSHV ORF45 activates ribosomal S6 kinase (RSK), which phosphorylates eIF4B and the ribosomal protein S6 to simulate translation [95] [96] [97] 98 •] (Fig. 1) . Using the BAC16 system, the Zhu lab mutated the F66 residue in ORF45, which mediates RSK binding, and showed that RSK activation by ORF45 promotes viral protein production, particularly late protein production [98•] . Interestingly, the positive translational effect of ORF45 may be most dramatic for mRNAs containing highly structured 5′ UTRs, both viral and cellular [99] , which may be a strategy used by KSHV to translationally regulate a subset of its own mRNAs and cellular mRNAs important for KSHV pathogenesis.
While most of the KSHV genes are translated in a canonical cap-dependent manner, KSHV expresses several polycistronic transcripts containing multiple ORFs [15] , in contrast to the predominantly monocistronic human mRNAs. These polycistronic transcripts occur as a result of the limited number of polyadenylation signals in the KSHV genome [15, 100, 101] , which means that transcription starting at different promoters ends at the same position. Although this potentially offers additional levels of regulation, in most cases, only the 5′ proximal ORF is translated from each transcript, as expected based on the canonical cap-dependent model of translation [15] . There is one reported internal ribosome entry site (IRES), which drives translation of vFLIP from the v-cyclinvFLIP transcript [26] [27] [28] . Surprisingly, IRES-mediated translation of vFLIP still requires all tested initiation factors including the cap-binding protein eIF4E, which is unique among IRESs [102] . Another protein that is expressed from a bicistronic transcript is ORF36, which is the distal ORF in the ORF35-ORF36 transcript [103] . In this case, the presence of small upstream ORFs (uORFs) of 9-11 amino acids in the 5′ UTR of the transcript regulates ORF36 expression [103] . uORFs are known to have roles in translation regulation during stress [104] . Translation of a uORF that overlaps with the start codon of ORF35 prevents ORF35 translation and instead promotes ribosome engagement of the ORF36 start codon, which is downstream of the uORF stop codon, through a non-canonical mechanism of translation reinitiation [103, 105] . Because of inherent variability in engagement of the start codons, ORF35 expression from the transcript is lower than ORF36 expression, but not absent [103, 105] . The recent ribosome profiling of the KSHV genome revealed that other KSHV mRNAs also have uORFs in their 5′ UTRs that appear to be actively translated [15] , but it is not known whether they also have regulatory effects on the expression of viral proteins or facilitate expression of multiple proteins from polycistronic transcripts. A) is an RNA modification that is found at high frequency in mRNAs [106] . In the last few years, advances in techniques to isolate and sequence methylated sites on mRNAs have resulted in an explosion of studies on m 6 A [106] . This has led to the discovery of many roles of this modification in RNA metabolism with implications in health and disease [106] . Not surprisingly, some KSHV mRNAs also carry methylated adenosines [ 
Conclusions
Recent advances in the tools available to study the biology of KSHV have pushed forward our understanding of gene expression throughout the viral replication cycle, and will continue to do so in the coming years. The identification of the viral factors that control late gene transcription [69-71, 72•, 73] has filled an important gap in our knowledge of KSHV gene regulation and was facilitated by a more streamlined system to make mutations in KSHV [16••] . High-throughput sequencing-based methods have led to more detailed transcript maps of KSHV genes [15] , as well as maps of chromatin modifications [39] [40] [41] and RNA modifications [107•, 108•, 109•] , that are unveiling new aspects of gene regulation with potential implications for pathogenesis and treatment. The fact that several novel viral regulators of gene expression have recently been identified suggests that there are aspects of KSHV gene regulation that remain unexplored. Indeed, in a screen for potential gene regulators, we have found that several KSHV proteins not classically associated with gene expression affect the levels of reporter constructs (Butnaru, Rivas and Gaglia, manuscript in preparation). Moreover, both characterized and uncharacterized viral gene regulators have the potential to also control cellular gene expression, another area which has not been fully explored. Ultimately, the hope is that understanding the replication cycle of KSHV will point to new targets for drug development, as currently no drugs are available that directly treat this viral infection.
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